The modified nucleotides (p)ppGpp play an important role in bacterial physiology. While the accumulation of the nucleotides is vital for adaptation to various kinds of stress, changes in the basal level modulates growth rate and vice versa. Studying the phenotypes unique to the strain lacking (p)ppGpp (ppGpp 0 ) under overtly unstressed growth conditions may be useful to understand functions regulated by basal levels of (p)ppGpp and its physiological significance. In this study, we show that the ppGpp 0 strain, unlike the wild type, requires the Lon protease for cell division and viability in LB. Our results indicate the decrease in FtsZ concentration in the ppGpp 0 strain makes cell division vulnerable to SulA inhibition. We did not find evidence for SOS induction contributing to the cell division defect in the ppGpp 0 ⌬lon strain. Based on the results, we propose that basal levels of (p)ppGpp are required to sustain normal cell division in Escherichia coli during growth in rich medium and that the basal SulA level set by Lon protease is important for insulating cell division against a decrease in FtsZ concentration and conditions that can increase the susceptibility of FtsZ to SulA.
A daptation in response to stress is a universal trait among living organisms. In eubacteria and plants, two modified nucleotides, namely, guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp), collectively referred to as (p)ppGpp, have been implicated in adaptation to various nutritional and environmental stresses (1) (2) (3) (4) (5) . By far the best-studied stress response mediated by (p)ppGpp is the stringent response in the bacterial model organism Escherichia coli, and it is characterized by the repression of rRNA transcription and the activation of amino acid biosynthetic genes. This adaptation requires the RelA-mediated synthesis of (p)ppGpp in response to amino acid starvation and results in the extensive reprogramming of gene expression globally (6, 7) . More commonly, the stringent response also refers to responses caused by elevating (p)ppGpp by other means. In E. coli, relA and spoT genes are involved in (p)ppGpp metabolism and are part of the RSH (Rel-Spo homolog) superfamily of genes conserved in eubacteria and plants (3, 8) . (p)ppGpp is synthesized in response to amino acid starvation when uncharged tRNA binds to the ribosomal A site and activates the ribosome-bound RelA protein (9, 10) . RelA synthesizes pppGpp/ppGpp using GTP and GDP through the transfer of pyrophosphate from ATP. The amount of (p)ppGpp made following amino acid starvation is much higher than the amount of ribosome-bound RelA protein in the cell, indicating multiple rounds of catalysis by each RelA molecule. Based on in vitro and in vivo studies, some mechanistic models have been proposed for how this could be achieved (10) (11) (12) (13) . SpoT-dependent (p)ppGpp synthesis has been documented in response to deprivations such as iron, phosphorus, fatty acid, and carbon sources (14) (15) (16) (17) (18) (19) . SpoT is a bifunctional protein with (p)ppGpp synthetase and pyrophosphohydrolase activities; the latter activity generates GTP and GDP from (p)ppGpp, predominates during normal growth conditions, and is reported to be an essential function (20) . Based on biochemical and structural studies, models have been proposed for the regulation of the opposing catalytic activities within the protein (21) (22) (23) (24) .
Consistent with the profound alteration in the gene expression profile induced by (p)ppGpp, RNA polymerase (RNAP) is a primary target of (p)ppGpp (25) (26) (27) (28) . The regulation of transcription has been shown to occur at the level of initiation, elongation, or competition of sigma factors for the RNA polymerase core (2, 3, 29, 30) . Effects of (p)ppGpp on transcription are potentiated by DksA, especially that of the negative and positive regulation of rRNA and amino acid biosynthetic genes, respectively (31) (32) (33) . DksA is a structural homolog of transcription elongation factors GreA/GreB and regulates transcription through the secondary channel of RNAP (34, 35) . However, DksA also functions inde-pendently of (p)ppGpp and exhibits complex interplay with its structural homologs GreA and GreB (35, 36) .
Intracellular ppGpp content is inversely proportional to growth rate; this is called basal regulation, and it is primarily SpoT and growth rate dependent (37) (38) (39) . Mutations in SpoT that progressively increase the cellular ppGpp content are associated with a proportionate decrease in growth rate (40) . One way to identify the physiological functions modulated by basal (p)ppGpp would be to compare the phenotype of a wild-type or relA mutant strain during growth in rich medium such as LB to that of a relA spoT double mutant that makes no detectable (p)ppGpp (called ppGpp 0 ). Some of the known phenotypes of the ppGpp 0 strain are auxotrophy for multiple amino acids, filamentation of cells during growth in minimal media, adhesion, motility defects, and decreased virulence in pathogenic bacteria (20, 36, 41) . To facilitate the identification of functions regulated by basal (p)ppGpp, we have been studying synthetic phenotypes specific to the ppGpp 0 background (42) . This approach in general identifies the functions redundantly regulated by (p)ppGpp and is useful to understand the altered physiological state of cells lacking (p)ppGpp that makes ordinarily nonessential functions important for viability.
In this study, we have characterized the synthetic lethality arising from the deletion of lon, coding for the Lon protease in a ppGpp 0 strain during growth in LB. Lon protein of E. coli is an ATP-dependent protease that functions as an oligomer of identical subunits; crystallization of the carboxy-terminal domain containing the proteolytic active site shows that Lon forms a ringshaped hexamer (43) . Lon degrades proteins involved in a variety of biological processes and plays an important role in protein quality control by degrading misfolded proteins prone to aggregation (44) . Lon is dispensable for the viability of E. coli, but lon mutants show sensitivity to DNA-damaging agents. The molecular basis of the phenotype is the stabilization of SulA, a substrate of Lon, and a constituent of the SOS regulon, whose expression increases upon DNA damage, leading to an inhibition of cell division by inactivation of FtsZ (45) . In a wild-type strain, inhibition of cell division following DNA damage is transient, since sulA expression decreases following the repair of DNA damage and SulA protein is degraded by Lon. Overexpression of Lon has been reported to confer lethality from increased protein degradation, indicating an appropriate amount of the protease is required to ensure the normal progression of cellular processes (46, 47) . In this study, we show that Lon is essential for the viability of a ppGpp 0 strain, and the ppGpp 0 ⌬lon synthetic lethality arises from the inhibition of the cell division protein FtsZ by SulA. Our data show that the inhibition is not a consequence of SOS induction but is due to a reduction in FtsZ level in the ppGpp 0 strain. The results are consistent with the idea that the maintenance of the basal SulA level by Lon protease is important for sustaining cell division when FtsZ concentration decreases.
MATERIALS AND METHODS
Growth conditions and strains. The Luria-Bertani (LB) medium had 1% tryptone, 0.5% yeast extract, and 1% NaCl. Isopropyl ␤-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro 3-indolyl-b-D-galactoside (XGal) were used at a final concentration of 1 mM and 50 g ml Ϫ1 , respectively. Unless otherwise indicated, the final concentrations of antibiotics used were the following: ampicillin (Amp), 50 g/ml for low-copy-number plasmids and 100 g/ml for high-copy-number plasmids; kanamycin (Kan), 25 g/ml; spectinomycin (Sp), 12.5 g/ml; tetracycline (Tet), 10 g/ml; and chloramphenicol (Cm), 15 g/ml. The growth temperature was 37°C. The ppGpp 0 strain was always maintained in the presence of pRCspoT shelter. Strains used in this study are derivatives of E. coli K-12 and are listed in Table S3 in the supplemental material.
Genetic procedures and plasmid constructions. Plasmids and primers used in the study are listed in Tables S3 and S4 in the supplemental material. Standard protocols were followed for experiments involving recombinant DNA and plasmid manipulations (48) . Transductions, P1 lysate preparations, and transformations were performed by standard procedures (49) . pHR53 was constructed from pJK537 (50) by PvuII digestion followed by religation of the plasmid, leading to the truncation of DksA. This plasmid is expected to be identical to pJK533 (50) . pRC7 is a single-copy, Amp r , unstable mini-F derivative of pFZY1 (51) . spoT and dksA genes were cloned into the EcoRI and HindIII sites of this plasmid following PCR amplification from the MG1655 genome using primer pairs JGOpRC7spoTFP/ JGOpRC7spoTRP and JGOpRC7dksAFP/JGOpRC7dksARP to generate pRCspoT and pRCdksA, respectively. The genes show IPTG-dependent expression. An Sp r derivative, pRC Sp -spoT, was made from pRCspoT by replacing the bla gene with aadA by recombineering using primers JGO_spec_ pRChom_FP and JGO_spec_pRChom_RP and published protocols (52) . The transcriptional lac fusion at the native sulA gene was made using published procedures (53) . Following the introduction of the marked deletions from the Keio collection, the excision of the cassette encoding antibiotic resistance was done using pCP20 (54) .
␤-Galactosidase assay. Cultures were grown to an A 600 of 0.4 to 0.6 from a 1:100 dilution of overnight cultures, and ␤-galactosidase activity was assayed and the values reported in Miller units (49) . Values reported are the means from at least three independent experiments rounded to the nearest whole number, and the standard deviations of the means are given as error bars.
Plasmid loss and viability measurements. Overnight cultures of chromosomally ⌬lac strains grown with selection for the appropriate plasmid(s) in the presence of 1 mM IPTG were washed, and serial dilutions were made in minimal A medium with 10 mM MgSO 4 . Suitable dilutions were spread on LB agar plates with 1 mM IPTG and X-Gal and scored for blue and white colonies, representing the retention and loss of plasmid, respectively. Plates were scored after 24 h at 37°C, and when white colonies were not observed, incubation was continued for a further 36 h. Whenever a second plasmid was present (along with pRCspoT or pRC SpspoT), an appropriate antibiotic was used to select for it. Viability was scored by spotting 5-l aliquots of serial 10-fold dilutions from cultures on appropriate plates, and CFU were scored after 24 to 36 h at 37°C.
Microscopy. Fresh overnight cultures in LB containing appropriate antibiotics to select for plasmids were diluted 1:100 and taken for microscopy at the exponential phase of growth. For the ppGpp 0 /pRCspoT strain AN120 and ppGpp 0 ⌬lon ⌬lac/pRCspoT strain AN519 (Fig. 1B) , the overnight culture grown in the presence of Amp and 1 mM IPTG was diluted (1:500) into two flasks, one with LB containing Amp and 1 mM IPTG and the other with LB containing Amp. Following growth to saturation, the cultures were diluted 1:10,000 into the respective medium and cells were taken from exponential phase for microscopy. A similar procedure, but in the presence of appropriate antibiotic, was followed to culture ppGpp 0 ⌬lon ⌬lac/pRC Sp -spoT/pdksA= (AN688) and ppGpp 0 ⌬lon ⌬lac/pRCspoT/pCL1920 (AN677) strains. Slides for microscopy were prepared as previously described (55) , with some modifications. Briefly, 200 l of 1% molten agarose was layered on glass slides between two strips of tape, and a clean coverslip was placed on it to obtain a level surface. The coverslip was removed and 5 l of culture placed on an agarose surface and covered with a fresh coverslip. Microscopy was performed using a 100ϫ oil immersion objective on a Nikon Eclipse 80i microscope, and the differential interference contrast (DIC) images of the cells were captured using NIS-Elements D3.0 software, which also was used for determining mean cell size using at least 100 randomly selected cells. Fluorescence images were captured on a Zeiss LSM 710 Meta inverted confocal microscope.
Gel electrophoresis and immunoblotting for FtsZ. Cultures in midexponential phase were normalized using A 600 data, solubilized in 1ϫ sample buffer at 99°C for 5 min, and subjected to electrophoresis on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gels. Cell extracts equivalent to an A 600 of 0.04 and 0.02 were loaded and run using Tris-glycine-SDS buffer. Separated proteins were electrotransferred to polyvinylidene difluoride (PVDF) membrane (Amersham) and probed using anti-FtsZ primary antibody (rabbit polyclonal), washed, and probed with anti-rabbit IgG conjugated to horseradish peroxidase (HRP) as described previously (48) . Membranes were developed with chemiluminescence reagent (Amersham ECL Prime) and visualized with the aid of a chemiluminescence detection system according to the manufacturer's protocol (Sigma Chemical Co., St. Louis, MO). The quantification of band intensity and subtraction of background was done using Image Quant software.
RESULTS
Deletion of lon is synthetically lethal in a ⌬relA ⌬spoT (ppGpp 0 ) strain. In an ongoing study to understand the regulation of the process of trans translation by (p)ppGpp, we studied the effect of deleting the clpP and lon genes that encode proteases that target proteins tagged with SsrA peptide for degradation (56) . In cells deleted for relA and spoT genes (referred to as ppGpp 0 ), we were unable to introduce lon deletion by phage P1 transduction and suspected that the ppGpp 0 ⌬lon genetic combination is lethal. To demonstrate synthetic lethality, we made use of the unstable plasmid pRC7, derived from a mini-F based replicon (51) , and cloned the spoT gene such that its expression is IPTG dependent (pRCspoT). We confirmed the functionality and IPTG-dependent expression of the spoT gene from its ability to rescue the multiple-amino-acid auxotrophy of the ppGpp 0 strain (20) in an IPTG-dependent manner (data not shown). Since the plasmid confers a lac ϩ phenotype, plasmid loss can be visualized in chromosomally ⌬lac strains as white colonies on LB agar plates with IPTG and X-Gal. When a wild-type strain carrying the plasmid is cultured overnight with selection for the plasmid and subsequently washed and dilutions spread on plates, typically 20 to 30% of colonies on LB X-Gal IPTG are white, reflective of the extent of pRC7 plasmid instability. If the introduction of the lon deletion in a ppGpp 0 strain confers synthetic lethality, we had two expectations: first, the ppGpp 0 ⌬lac ⌬lon/pRCspoT strain would show IPTG-dependent growth, and second, since plasmid loss would lead to growth inhibition, white colonies would not be recovered in the absence of selection for the plasmid. As shown in Fig. 1Avi and B, these expectations were met, showing that ppGpp 0 ⌬lon genetic combination is lethal; the segregation of white colonies was seen as expected in the wild type; ⌬relA, ppGpp 0 , ⌬lon, and ⌬lon ⌬relA strains also gave rise to white colonies, indicating the loss of pRCspoT does not impair the growth of these strains ( Fig.  1Ai to v). To further verify that the ppGpp 0 ⌬lon combination is lethal, the cotransduction frequency of the ⌬lon::Kan allele with the linked tsx::Tn10 marker was studied by phage P1 transduction. Our results show that the ⌬lon::Kan allele could be recovered in the wild-type or ⌬relA strain but only in the presence of pRCspoT in the ppGpp 0 strain (see Table S1 in the supplemental material). Growth of the ⌬lon strain is marginally affected in the presence of ⌬relA mutation but completely inhibited in the presence of ⌬relA and ⌬spoT mutations (see Fig. S1 ). The results indicate basal (p)ppGpp levels set by SpoT function are required for the viability of the ⌬lon strain in LB medium.
The protease and ATPase activity of Lon are essential for the viability of ppGpp 0 strain. In the Lon protease, ATPase and proteolytic activity are part of a single polypeptide chain, and the mutations that distinguish these functions have been studied (57) . To study the contribution of each activity to the viability of a Fig. 3 and Table 1 ). Details about growth conditions are given in the microscopy section in Materials and Methods. ppGpp 0 strain, pBADlon constructs were used to express the wildtype, ATPase-deficient (K362Q), protease-deficient (S679A), and ATPase/protease double-deficient alleles of lon; arabinose-dependent expression of the lon alleles in these constructs has been reported (57) . Each plasmid was introduced into the ppGpp 0 ⌬lon/ pRC Sp -spoT strain, and the strains obtained were tested for the segregation of blue and white colonies and plating efficiency in the presence or absence of 0.2% arabinose. We observed arabinosedependent segregation of white colonies and at least a 10 3 -fold improvement in plating efficiency in the presence of plon ϩ but not the vector (Fig. 2Ai and ii and B) . When the mutant alleles of lon were tested similarly, no arabinose-dependent segregation of white colonies or rescue of plating efficiency was observed (Fig.  2Aiii to v and B) . These results show that both the ATPase and protease activity of Lon are required for the viability of the ppGpp 0 strain.
Deletion of sulA rescues ppGpp 0 ⌬lon lethality. Two wellstudied regulatory proteins that are substrates of Lon are SulA, the inhibitor of the cell division protein FtsZ (58) , and RcsA (59), the activator of capsular polysaccharide biosynthesis. The phenotypes of UV sensitivity and mucoidy in a lon mutant arise from the stabilization of SulA and RcsA, respectively; SulA inhibits cell division while RcsA activates capsule synthesis (cps) genes in an RcsB-dependent manner. We tested if the inviability conferred by lon deletion in the ppGpp 0 strain is related to the stabilization of these proteins. The sulA and rcsB gene deletions sourced from the Keio collection (60) were individually introduced into the ppGpp 0 ⌬lon/pRCspoT strain by phage P1 transduction, and strains obtained were scored for the ability to survive the loss of pRCspoT plasmid by screening for segregation of white colonies on LB IPTG X-Gal plates. As shown in Fig. 1Avii , segregation of white colonies was observed in the presence of sulA deletion, indicating that it suppressed the synthetic lethality of the ppGpp 0 ⌬lon strain. The ppGpp 0 ⌬lon ⌬rcsB/pRCspoT strain behaved identically to the isogenic rcsB ϩ parent and could not survive the loss of pRCspoT (Fig. 1Aviii) . The results indicate that the stabilization of SulA but not RcsB is a requirement for ppGpp 0 ⌬lon strain synthetic lethality. Since a well-studied target of SulA is FtsZ, to which it binds and inhibits cell septation, we examined cells microscopically for cell division defects. ppGpp 0 ⌬lon mutant shows extensive filamentation that is suppressed by sulA deletion. lon mutants form filaments following UV irradiation (61) , and filamentation has been reported previously for the ppGpp 0 strain during growth in synthetic medium (20) . To understand the cause of growth inhibition in the ppGpp 0 ⌬lon strain in LB, we compared the cell morphology of the wildtype, ppGpp 0 , ⌬lon, and ppGpp 0 ⌬lon/pRCspoT strains grown under permissive and nonpermissive conditions; the mean cell size for each strain was calculated from the captured images. As seen from Fig. 3A to E and the mean cell size quantified in Table 1 , cells of the ppGpp 0 and ⌬lon mutant strains were longer than those of the wild-type or ⌬relA strains; the cell size of the ⌬relA ⌬lon mutant was similar to that of the ⌬lon mutant. In the ppGpp 0 strain carrying pRCspoT, induction of spoT expression results in a cell size that is similar to that of the wild type, indicating that the expression of SpoT is sufficient (that is, even in the absence of RelA function) to restore cell size under these growth conditions (Fig. 3A, F , and G and Table 1 ). In the ppGpp 0 ⌬lon mutant cultured under permissive conditions, the cell size is more similar to that of the wild type than that of the ppGpp 0 strain (Fig. 3A, C , and H and Table 1 ); however, when cultured under nonpermissive conditions, extensive filamentation was observed (Fig. 3I ) associated with the cessation of growth (Fig. 1B) . Filaments in the ppGpp 0 ⌬lon strain are not uniform in their morphology; some filaments seem to be disintegrating and appear as a string of vesicles (indicated with an arrow in Fig. 3I) . We examined the effect of sulA deletion on filamentation. The morphology and size of the ⌬sulA mutant were comparable to those of the wild-type strain (Fig. 3A and J (Fig. 3C , K, and L and Table 1 ). These results indicate that (i) inhibition of cell septation by SulA was responsible for the growth arrest in the ppGpp 0 ⌬lon strain, and (ii) SulA function may not be solely responsible for the larger size of the ppGpp 0 cells. Although the average cell size for the ppGpp 0 ⌬lon strain (Fig. 3I ) was calculated to be ϳ50 m (Table 1) , this is an underestimate, because long filaments that could not be captured in one field were frequently observed and not used for calculation of mean cell size. Since some of the filaments were found to disintegrate (Fig. 3I) , this also should contribute to the growth defect of the ppGpp 0 ⌬lon mutant.
SOS induction is not a feature of ppGpp 0 or ppGpp 0 ⌬lon ⌬sulA strains. Since SulA function was required for growth inhibition in the ppGpp 0 ⌬lon strain, we tested if an increase in cellular SulA expression is associated with growth inhibition. A chronic SOS induction in the ppGpp 0 strain could elevate the cellular SulA concentration sufficiently to make cell division contingent on the presence of functional Lon. This has been reported to be the basis for synthetic lethality observed in lon mutants with mutations that induce SOS (62) . To monitor SOS induction, we generated a sulAlacZ transcriptional fusion at the native sulA locus and used it to monitor expression in different genetic backgrounds. As expected, in the presence of sublethal concentrations of mitomycin C (which causes DNA damage), we observed a 2.5-fold induction of ␤-galactosidase activity with the fusion (Fig. 4) . No induction of ␤-galactosidase expression was observed in the ppGpp 0 or ⌬lon strain compared to that of the wild type during growth in LB, indicating that there is no SOS induction in these strains under our growth conditions and that the expression of sulA is not regulated by (p)ppGpp. We also tested if SOS induction is associated with the absence of (p)ppGpp and Lon function using the ppGpp 0 ⌬lon sulA-lacZ strain, which is viable since it lacks functional SulA. The induction of sulA-lacZ was not observed in this strain either (Fig. 4) , and it showed the least expression among the strains tested. The results indicate the inhibition of cell septation by SulA due to chronic SOS induction is unlikely to account for the essentiality of Lon function in the ppGpp 0 strain and the longer cells in the ppGpp 0 and ppGpp 0 ⌬lon ⌬sulA strains. Since SOS induction requires functional RecA and LexA cleavage (63) , to further rule out a role for SOS, the recA deletion and the lexA3 (Ind Ϫ ) allele, encoding the noninducible form of the repressor, were introduced separately by phage P1 transduction into the ppGpp 0 ⌬lon/pRCspoT strain. The ability of the ⌬recA or lexA3 derivative to survive the loss of pRCspoT was similar to that of the parent strain (see Table S2 in the supplemental material, compare AN519, AN648, and AN750). The ppGpp 0 ⌬lon lexA3/ pRCspoT strain showed IPTG-dependent growth (see Fig. S2A ) and filamentation during growth in the absence of IPTG (Fig. 3M and Table 1 ), indicating that spoT expression was essential for viability and that the loss of viability was associated with filamentation. Unlike the case in the ppGpp 0 ⌬lon lexA3 strain, pRCspoT plasmid was unstable in the ppGpp 0 lexA3 mutant, indicating that lexA3 did not inhibit plasmid loss in any fashion (see AN647 in Table S2 and Fig. S2B) . recA or lexA3 mutation did not alter the expression of sulA-lac fusion under our growth conditions (Fig.  4) . From these results we rule out a role for SOS induction in SulA-mediated growth inhibition observed in the ppGpp 0 ⌬lon strain and that the lexA3 or recA mutation does not alter sulA expression under our growth conditions. Overexpression of DksA or DksA NN and stringent RNA polymerase mutations restores viability in ppGpp 0 ⌬lon mutant. As mentioned in the introduction, RNA polymerase is a primary target for (p)ppGpp. DksA regulates transcription synergistically 
FIG 4
Measurement of ␤-galactosidase activity from sulA-lacZ transcriptional fusion. Strains whose relevant genotypes are indicated were grown to mid-exponential phase in LB, and ␤-galactosidase activity was measured. The values were calculated from at least three independent experiments. Error bars indicate standard deviations of the means. Mitomycin C (MC) was added to a final concentration of 0.5 g/ml. WT (AN658), srl300::Tn10 (AN837), recA srl300::Tn10 (AN838), lexA3 (AN839), ppGpp 0 (AN660), ⌬lon (AN774), and ppGpp 0 ⌬lon (AN743) strains were used.
with (p)ppGpp through its interaction with the RNA polymerase (RNAP) secondary channel and potentiates both positive and negative regulatory functions mediated by (p)ppGpp. We tested if a ⌬dksA ⌬lon strain exhibited a synthetic phenotype similar to that of the ppGpp 0 ⌬lon strain. Following a strategy similar to that described above to study the ppGpp 0 ⌬lon synthetic lethality, we cloned DksA in plasmid pRC7 to construct plasmid pRCdksA and verified the functionality of DksA by using it to complement a ⌬dksA mutant for growth in minimal glucose in the presence of IPTG (data not shown). The lon deletion was introduced into the ⌬dksA/pRCdksA strain by phage P1 transduction, and the ⌬dksA ⌬lon::Kan/pRCdksA strain obtained was maintained in the presence of Amp and IPTG. We studied the ability of this strain to survive the loss of pRCdksA by scoring for segregation of white colonies. As shown in Fig. 5Ai , the segregation of white colonies was observed and there was no drop in plating efficiency in the absence of IPTG (data not shown). We conclude that unlike the case for a ppGpp 0 strain, lon deletion is not lethal in the ⌬dksA mutant.
Since overexpression of DksA can partially compensate for (p)ppGpp-regulated functions in the absence of (p)ppGpp (32, 33) , we studied the effect of DksA overexpression using the multicopy plasmid pJK537 (50) . pJK537 was introduced into the ppGpp 0 ⌬lon/pRC Sp -spoT strain, and subsequently pRC Sp -spoT plasmid loss and plating efficiency were examined. As seen from Fig. 5A to C and Table 1 , segregation of white colonies, increase in plating efficiency, and inhibition of filamentation were observed in the presence of plasmid pJK537. Plasmid pHR53, a derivative of pJK537 that is equivalent to pJK533 (50) , wherein the DksA protein is truncated after the 36th amino acid and did not support the segregation of white colonies, failed to suppress the growth defect or filamentation. The results show that overexpression of DksA restored cell division and growth, probably by compensating for functions missing or altered in the ppGpp 0 ⌬lon strain. DksA NN is an allele of DksA with mutations in two conserved acidic amino acid residues (D71N and D74N) located at the tip of the coiledcoil domain, and it interacts with RNAP residues through the secondary channel (31) . The D74 residue has been shown to be vital for the modulation of RNAP function by DksA (31, 64) . When DksA NN was expressed from a multicopy plasmid in the ppGpp 0 ⌬lon/pRC Sp -spoT strain, segregation of white colonies, a 4-log increase in plating efficiency, and suppression of filamentation were observed that were similar to those seen with wild-type DksA (Fig. 5A to C (65), bradytrophic growth of the ⌬dksA mutant in minimal glucose (data not shown), and the replication fork progression defect in the ⌬dksA strain (65, 66) .
Genetic evidence suggesting that RNAP was the target of (p)ppGpp came from the discovery of mutations that rescued the multiple-amino-acid auxotrophy (called the M Ϫ phenotype) of the ppGpp 0 strain. The mutants were generically referred to as M ϩ mutants, and the few tested mimicked in vitro and in vivo the physiology and transcription regulation conferred by (p)ppGpp even in its absence (2, 67) . We chose two mutations, one isolated in the Cashel laboratory, rpoBL571P (68) , and another isolated by McGlynn and Lloyd, rpoB*35, which additionally rescued the UV sensitivity of the ppGpp 0 ⌬ruvAC strain (69) , and tested their ability to rescue the growth defect of the ppGpp 0 ⌬lon strain. As expected, both mutations improved the plating efficiency of the ppGpp 0 ⌬lon/pRCspoT strain in the absence of IPTG (Fig. 5D ) and allowed the segregation of white colonies on LB IPTG X-Gal plates (data not shown).
Rescue of ppGpp 0 ⌬lon synthetic lethality by FtsZ overexpression and absence of FtsZ ring in the ppGpp 0 ⌬lon filaments. Evidence from previous studies has indicated the positive regulation of cell division by (p)ppGpp (70) (71) (72) . The expression of the ftsQAZ operon and (p)ppGpp concentration have been reported to show regulation that is the inverse of the growth rate (40, 73) , which is suggestive of a positive regulatory role for (p)ppGpp in ftsQAZ expression. However, the increase in FtsZ concentration with the reduction in growth rate could not be reproduced in a later study (74) . Studies have shown that SulA inhibits cell division by sequestration of FtsZ monomers and thereby inhibits FtsZ ring formation (55, 75) . Biochemical and biophysical studies indicate that the affinity of an FtsZ monomer to SulA is similar to that for the ends of a growing FtsZ protofilament (75) . We reasoned that if sequestration of FtsZ by SulA is facilitated due to a decrease in the cellular FtsZ level in the absence of (p)ppGpp and an increase in the basal SulA level due to the absence of Lon protease, it could result in the inhibition of cell division. If this was the case, increasing the concentration of FtsZ should be able to suppress the extensive filamentation observed in the ppGpp 0 ⌬lon mutant. To test this, we used low-copy-number pSC101 plasmids, namely, pCLftsQAZ (76) and pSCftsQAZ (77) , which have been shown to increase cellular levels of FtsQ, FtsA, and FtsZ, and we asked if the ppGpp 0 ⌬lon synthetic lethality can be suppressed in the presence of each plasmid. As shown in Fig. 6A and B, both plasmids allowed survival in the absence of pRCspoT and rescued the plating defect of the ppGpp 0 ⌬lon strain. Similarly, the overexpression of SdiA, a known positive regulator of the ftsQAZ operon (78), using plasmid pCLsdiA (76) also allowed the segregation of white colonies and rescued the plating defect, indicating that positive regulation by SdiA is independent of (p)ppGpp. The results show that coordinately increasing the concentration of FtsQ, FtsA, and FtsZ proteins using plasmids or the induction of the chromosomal genes using a transcriptional activator results in the suppression of ppGpp 0 ⌬lon synthetic lethality. Suppression was tested following the coordinate increase in the expression of the ftsQAZ genes, since maintaining the ratio of these proteins is important for the progression of cell division (79, 80) . However, we also tested if an increase in FtsZ concentration is sufficient for suppression using pCA24NftsZ plasmid from the ASKA library (81) that allows IPTG-regulated expression of FtsZ from P tac . The presence of the plasmid but not the vector supported survival in the absence of pRCspoT, rescued the plating defect in the absence of IPTG (Fig.  6A and B) , and inhibited growth in the presence of IPTG, probably due to FtsZ overexpression (Fig. 7B) (82) . The suppression of the synthetic lethality in the absence of IPTG indicates the basal-level expression of FtsZ from a multicopy plasmid could sufficiently elevate the FtsZ concentration to allow the suppression of the ppGpp 0 ⌬lon synthetic lethality and yet not perturb the ratio of FtsZ with respect to the other cell division proteins so as to inhibit cell septation. The results support the idea that the sequestration of FtsZ monomers by SulA and the consequent decrease in FtsZ levels below the critical concentration required for the assembly of Z rings is the cause of synthetic lethality in the ppGpp 0 ⌬lon mutant; the overexpression of FtsZ inhibits the sequestration of FtsZ monomers by SulA.
To ask if filamentation in the ppGpp 0 ⌬lon strain is accompanied by the loss of FtsZ ring formation, ftsZ-gfp integrated at the -att site and expressed from an attenuated P trc promoter, made from the P 208 -ftsZ-gfp construct of Weiss et al. (83) , was obtained from Manjula Reddy and introduced into the ppGpp 0 ⌬lon/ pRC Sp -spoT mutant by phage P1 transduction. Segregation of blue and white colonies was observed in the strain in the presence of 0.1 mM IPTG ( Fig. 6Avii ; also see Table S2 in the supplemental material), indicating that the increased expression of FtsZ-green fluorescent protein (FtsZ-GFP) also could suppress the ppGpp 0 ⌬lon synthetic lethality. We examined cells by fluorescence microscopy to look for the GFP associated with the FtsZ ring. In the presence of pRC Sp -spoT, cell division appears normal, and in cells the GFP signal is localized with the position being consistent with that of the cell septum (Fig. 6Di) . When cultured in the absence of selection for pRC Sp -spoT, we observed both normal and filamentous cells (Fig. 6Dii and iii) , reflecting the partial suppression of the ppGpp 0 ⌬lon synthetic phenotype and consistent with the slower growth of the white colonies relative to that of the blue colonies shown in Fig. 6Avii . Some of the filamentous cells did not have GFP signal while others had faint or intense GFP signal distributed throughout the filament, but none showed localized GFP expression. Assuming the filamentous cells observed here and in the ppGpp 0 ⌬lon strain arise from the same molecular defect, we propose that the decrease in FtsZ concentration and consequent inability to form FtsZ rings leads to cell filamentation and the loss of viability in the ppGpp 0 ⌬lon strain. Reduction in FtsZ protein level in the ppGpp 0 strain. By immunoblotting using anti-FtsZ antibody, we compared cellular FtsZ concentrations in the extracts of wild-type, ppGpp 0 , and ppGpp 0 ⌬sulA strains normalized using A 600 measurements (Fig. 7A) . A band migrating at a position corresponding to a size of FtsZ (40 kDa) showed decreased intensity in the cell extracts of ppGpp 0 and ppGpp 0 ⌬sulA mutants compared to that of the wild- type extract. This band also comigrates with the band that appears following IPTG induction in the cell extract of JW0093 carrying plasmid pCA24NftsZ (Fig. 7B) , where ftsZ is induced from the Tac promoter (pCA24NftsZ could suppress the ppGpp 0 ⌬lon synthetic lethality in the absence of IPTG) (Fig. 6B) . Quantification of the band intensity showed 32% and 39% reduction in FtsZ concentration in the ppGpp 0 and ppGpp 0 ⌬sulA strains, respectively. That the FtsZ concentration was similarly low in the ppGpp 0 and ppGpp 0 ⌬sulA strains suggests the suppression of ppGpp 0 ⌬lon mutant lethality by ⌬sulA is not due to the restoration of FtsZ concentration and that cell septation is restored despite the reduction in FtsZ concentration.
The 30% reduction in FtsZ content in ppGpp 0 strain is consistent with the longer mean length of the cells (Table 1 and Fig. 3C ). Increasing the expression of FtsZ in the ppGpp 0 ⌬lon strain decreases the mean cell length, and the cells are significantly smaller than the ppGpp 0 cells (Table 1 , HR202 and AN678, and compare Fig. 3C to 6Cii ). This indicates that the lower level of FtsZ already impairs cell division in the ppGpp 0 strain and leaves it poised for filamentation.
Why is lon mutation required for filamentation in the ppGpp 0 strain? We think the lon deletion could increase basal SulA levels and facilitate the sequestration of FtsZ, whose levels are low in the ppGpp 0 strain, and tip the balance in favor of filamentation. This would imply that the Lon protease, in addition to ensuring the restoration of cell division when the SOS signal recedes, can buffer cell division under suboptimal FtsZ concentrations.
DISCUSSION
Filamentation observed in the ppGpp 0 cells during growth in minimal medium with glucose and amino acids suggests a divisionpromoting role for the nucleotide (20) . We find that during growth in LB, the ppGpp 0 cells are significantly longer than those of the wild type, and this is associated with a ϳ30% reduction in the cellular FtsZ concentration (Fig. 7) . Since a 30 to 40% reduction in FtsZ levels can lead to filamentation and growth inhibition (84), we suggest that the ppGpp 0 strain is poised for filamentation. The growth arrest and filamentation in the ppGpp 0 ⌬lon strain and the suppression of these phenotypes in the ppGpp 0 ⌬lon ⌬sulA mutant indicate cell division is inhibited by SulA in the ppGpp 0 strain in the absence of the Lon protease. Since we did not observe an increase in the activity of sulA-lacZ fusion in the ppGpp 0 or ppGpp 0 ⌬lon strains (Fig. 4) , we believe the inhibition of cell division by SulA is not due to an increase in sulA expression but mainly due to the reduction in the FtsZ concentration. Based on the rescue of cell division in the ppGpp 0 ⌬lon mutant by sulA inactivation or overexpression of FtsZ, and taking into consideration the proposed mechanism of inhibition of cell division by SulA (55, 75, 85) , we propose the following model. The level of FtsZ in a ppGpp 0 background is low but enough to sustain growth; however, the reduction in the FtsZ concentration increases its susceptibility to inhibition by SulA. An increase in the basal SulA level in the absence of Lon protease and (p)ppGpp leads to the sequestration of FtsZ monomers and pushes the monomer concentration below the threshold required to maintain the protofilament assembly and cell division.
Previous studies have shown that conditions that increase cellular (p)ppGpp concentrations confer the suppression of cell division defects, specifically, (i) inhibition of cell division in the spherical cells that arise following the inhibition of penicillin binding protein (PBP2) can be restored by increasing (p)ppGpp concentration (86, 87) , and (ii) an increase in the (p)ppGpp pool suppressed the temperature sensitivity of ftsZ84(Ts) strains (71) . However, the mechanism of restoration of cell division by (p)ppGpp is not clear. Although RNAP is a primary target of (p)ppGpp, in studies that looked at the effect of the molecule on transcription, no increase in transcription from some of the promoters characterized for ftsQAZ genes could be documented (71, 88) . The suppression of ftsZ84 temperature sensitivity by (p)ppGpp was associated with a 2-to 3-fold decrease in transcription from Qp1 or Qp2 promoters and no changes in transcription from the pZ set of promoters (71) . The authors had speculated that the suppression of the division defect by (p)ppGpp could arise from an increase in the ratio of FtsZ to FtsA and/or FtsQ or due to the effect of (p)ppGpp on transcription from the multiple promoters upstream of FtsZ, resulting in the alleviation of promoter occlusion (89) . Despite the lack of evidence for transcription activation, the suppression of the temperature sensitivity of ftsZ84 was associated with a 4-fold increase in FtsZ84 (71); however, no increase in the FtsZ content was evident in the strains where the basal (p)ppGpp level was elevated 2-fold and sufficient to restore division in the absence of PBP2 (88) . That is, the effect was restricted to the mutant.
An inverse correlation between ftsQAZ transcription (and FtsZ protein content) and growth rate (73) suggested a positive regulatory role for (p)ppGpp, whose concentration shows a similar correlation with growth rate (37, 39) . However, later studies have not reproduced the growth rate-dependent increase in FtsZ protein content in E. coli or B. subtilis (74) . Since the size of the cell reduces with a decrease in growth rate (90) , how does this relate to FtsZ? From studies on mutants with altered cell size, it has been postulated that despite the amount of FtsZ being constant, cell size is controlled by the amount of FtsZ available for the assembly of Z rings and division (91) . lon mutation exhibits incompatibility/sickness, with mutations that induce SOS, and is rescued by inactivation of sulA or the lexA3 mutation, which abrogates SOS induction (62) , indicating that the Lon protease is essential to prevent the inhibition of cell division following a moderate increase in sulA expression. However, we do not find evidence for SOS induction in the ppGpp 0 or ppGpp 0 ⌬lon mutants (Fig. 4) , and as would be expected, viability was not restored by recA or lexA3 mutation (see Fig. S2B and Table  S2 in the supplemental material), which also did not alter sulA expression under our growth conditions (Fig. 4) . In the absence of SOS induction, the steady-state level of SulA in lon mutants can be higher than that in a wild-type strain, since SulA is rapidly degraded by Lon. To our knowledge, the extent of increase in basal SulA has not been documented under different growth conditions. It is possible that the SulA level in the ppGpp 0 ⌬lon mutant is higher than that in the lon mutant and contributes to the division inhibition. It has been reported that the protease-deficient lon mutant (S679A), unlike the ATPase-deficient mutant (K362Q), traps SulA following UV exposure and partially restores cell division (57) . In this study, the behavior of the two mutant alleles was similar (Fig. 2B) . One explanation is the absence of an increase in SulA expression under our experimental conditions. High concentrations of ppGpp or polyphosphate (850 M) inhibit Lon activity in vitro (92) . Since the intracellular (p)ppGpp concentration during growth in rich medium is low (2) , direct modulation of Lon activity or indirect modulation through polyphosphate is less likely to contribute to the regulation of cell division by (p)ppGpp in rich medium.
Although Lon protease functions to keep the inhibition of cell division transient during DNA damage through the degradation of SulA, if the cell division is allowed to continue after DNA damage in the ⌬lon ⌬sulA mutant, viability remains unaffected and therefore the physiological relevance of cell division arrest is not apparent (45) . It is possible that a physiologically relevant function of Lon with respect to cell division is the regulation of basal levels of SulA so as to buffer cell division against the transient reduction in the FtsZ level or conditions unfavorable for FtsZ polymerization that make it vulnerable to sequestration by SulA. Studies have shown that the lon mutant does not adapt well to the shift-up from poor to rich media and transiently filaments (93, 94) . The filamentation of the lon mutant during shift-up is not seen in the presence of sfiB103 (an ftsZ allele resistant to SulA) (95) . Although the role of sulA was not explored, a simple model to explain the observations is that the basal level of SulA is elevated in the lon mutant and, following shift-up, the FtsZ concentration drops and is sequestered by SulA, leading to the inhibition of septation. Consistent with this model, the inactivation of sulA did not affect cell size in a lon ϩ strain following shift-up (96) , implying that the low basal level of SulA in a lon ϩ mutant cannot inhibit cell division even if the FtsZ concentration decreases during shift-up. These studies show that the regulation of SulA level by Lon is important even under growth conditions where there is no DNA damage but possibly a drop in FtsZ. We think a drop in FtsZ concentration following shift-up could be related to the decrease in (p)ppGpp concentration (2) and is being investigated.
HslUV has been reported as a secondary protease that can target SulA and, at higher growth temperatures, can alleviate the UV sensitivity of lon mutants (97, 98) . Mutations that reduce sulA expression, sulA null mutation, or ftsZ alleles that confer resistance to SulA can suppress the growth defect of strains lacking all known cytoplasmic AAAϩ proteases in LB, indicating that SOS induction is not always a requirement for the inhibition of cell division by SulA (97) . Further studies to understand physiological conditions that render FtsZ vulnerable to SulA inhibition and the role of (p)ppGpp therein are being pursued.
